The use of oxidized metal powders in mechanical shock or crush safety enhancers in nuclear weapons has been investigated. The functioning of these devices is based on the remarkable electrical behavior of compacts of certain oxidized metal powders when subjected to compressive stress. For example, the low voltage resistivity of a compact of oxidized tantalum powder was found to decrease by over six orders of magnitude during compaction between 1 MPa, where the thin, insulating oxide coatings on the particles are intact, to 10 MPa, where the oxide coatings have broken down along a chain of particles spanning the electrodes. In this work, the behavior of tantalum and aluminum powders was investigated. The low voltage resistivity during compaction of powders oxidized under various conditions was measured and compared. In addition, the resistivity at higher voltages and the dielectric breakdown strength during compaction were also measured. A key finding was that significant changes in the electrical properties persist after the removal of the stress so that a mechanical shock enhancer is feasible. This was verified by preliminary shock experiments. Finally, conceptual designs for both types of enhancers are presented.
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Introduction
The incorporation of components into a nuclear weapon that will disable it after it has been subjected to an abnormal environment enhances the safety of the weapon. Types of abnormal environments include high temperature, large mechanical shock and crushing and typically would occur as the result of an accident such as a plane or truck crash. From a nuclear safety standpoint, it is best if this component is one that is necessary for weapon detonation and that the mechanism that causes failure is the result of the fundamental laws of physics. Such a component is referred to as a weaklink. One example of a weaklink is the gel capacitor used to store the charge that sets off the detonators. The capacitor is a thermal weaklink because the weapon cannot function without it and because once it is heated above the melting point of the mylar, the melting process renders it irreversibly incapable of storing a charge.
Devising true mechanical shock and crush weaklinks has been elusive. However, components that are not true weaklinks, but, nevertheless, enhance safety, are also of value and are termed sterilizers or safety enhancers. An example of a safety enhancer would be a component connected in parallel with the gel capacitor that acts as a resistor until exposed to the abnormal environment. In the event of a mechanical shock, for example, it would become conducting, thus shorting the capacitor so it cannot hold a charge. The goal of this work was to investigate whether or not oxidized metal powders could be utilized as the active element in a mechanical shock or crush safety enhancer.
Previous work [1] [2] [3] [4] has shown the remarkable property of certain metal powders with oxidized surfaces to decrease in resistivity by up to 7 orders of magnitude over a narrow range of increasing compressive stress. For example, a copper powder's resistance at low voltage changed from ~10 6 ohm-cm at 4 MPa to ~10 -1 ohm-cm at 10 MPa. In that study, the powders studied had only the thin (15 to 40 Å) native oxide layers formed at room temperature. Because of this and the fact that copper oxide is a semiconductor, not a good insulator, the copper powder compacts had relatively low breakdown fields, 145 V/cm, for example. In the present work, metals with thicker layers of insulating oxides such as tantalum and aluminum were investigated because any safety enhancer in parallel with the capacitor will have to hold off several thousand volts under normal operation without being too large (ideally 1 cm or less). Also, previous work has not looked at the electrical behavior of the powders at high voltages during compaction. This will be addressed in the present work.
Concepts for Oxidized Metal Powders Safety Enhancers
The use of an oxidized metal powder as a crush safety enhancer that would be electrically connected in parallel with a capacitor, for example, is conceptually very straightforward. The powder would be in a die press type arrangement with electrically conducting rams and a die with an insulating surface layer. The rams would be situated in such a way that they are coupled to the weapon case, and would be crushed along with it. Enough powder would be placed between the rams so that the desired amount of crushing (compressive strain) would cause the powder to no longer be able to hold off the capacitor voltage.
The use of an oxidized metal powder as a mechanical shock safety enhancer is not as simple. Two areas that need to be addressed are how to translate the shock to a compression of the powder and whether or not the shock will produce an irreversible change in electrical properties of the powder. This second issue has not been studied in previous work and will be a focus of this study, since it is critical that irreversible changes occur because the mechanical shock may well happen prior to the charging of the capacitor. To have a permanent change in the electrical properties, damage to the oxide layers at the points of interparticle contact will have to occur, as opposed to the solely electrical breakdown postulated for the copper powders that were measured during compaction.
One way to translate the mechanical shock into a compressive stress is through the use of a free mass in contact with the powder. The shock will force the free weight in the opposite direction, thus compacting the powder between the weight and the fixed container. One such conceptual design is shown in Figure 1 . This design would function in response to a shock from any direction. The free mass, the metallic sphere in the center, would be one electrode and the outer spherical shell would be the other. Electrical connection to the free mass would have to be made using a feedthru to insulate it from the outer shell. A flexible wire, such as a coil, would need to be so as not to constrain the motion of the free mass. A further concern with this design is the change in density of the powder compact due to a shock. The density should not change significantly after the shock so the powder will still occupy essentially the same volume. Otherwise a large gap would open up between the compressed powder and the free mass. The stress developed due to a shock can be estimated using Newton's second law of motion, F = m a, where F is the force developed when a mass, m, undergoes an acceleration, a. For the geometry shown, a first order calculation of the stress generated in the powder is: σ = F/area = m a/area= (volume x density) a/area = (ρ 4πr 3 /3) a/ πr 2 = 4ρra/3. For example, a 1000G acceleration on a 1 cm diameter free mass with a density of 20 g/cm 3 This report summarizes the results of initial experiments designed to determine if oxidized metal powders can meet the requirements stated above. The first step was to screen some metals with oxides that are good insulators to see if their low voltage resistivity decreases during compaction, similar to copper. Then, the thermal oxidation of those metals that appeared promising, Ta, Al and Ti, was studied. The resistivity during compaction of the oxidized powders was measured at low and high voltage. Following this, electric breakdown experiments were performed on oxidized Ta and Al powders after the application and removal of a compressive stress. Next, the effects of adding binders to the powders to keep them from being free-flowing was studied. Finally, some initial shock loading tests were performed by dropping masses onto the die containing the powder, and then measuring the electric breakdown strength.
Experimental Materials
Four metals were identified for initial evaluation because their oxides are excellent electrical insulators: tantalum (ρ = 16.6 g/cm 3 , 99.9%, -325 mesh, United Minerals), aluminum (ρ = 2.7 g/cm 3 , Fisher's Finest Powder, UN1396), titanium (ρ = 4.5 g/cm 3 , 99.9%, -100 mesh, Alfa Ventron, 00384) and silicon (ρ = 2.3 g/cm 3 , 99.999%, -60 mesh, Acros, New Jersey). Micrographs of each of the starting powders are shown in Figure 2 The Ta powder consisted of rounded particles that appeared to be bonded together in hard agglomerates. Also, roughly 10% of the powder consisted of clusters of micron sized particles. The average particle size, from the SEM images, was 20 ± 10 µm, not counting fine particles in the clusters. The aluminum powder particles were also rounded and were agglomerated to a lesser extent than the tantalum. The average particle size was 50 ± 25 µm. The titanium powder was rounded and had large, hard agglomerates and some internal porosity. The average particle size was 139 ± 59 µm. Finally, the silicon particles were much larger and more angular and were non-agglomerated, with an average particle size of 278 ± 50 µm.
Electrical Measurements
In the first set of experiments, the low voltage resistance of the as-received powders was monitored using an ohmmeter during compaction testing from ~0.01 to ~20 MPa using a mechanical test system (MTS). The resistance, stress and strain were monitored throughout the compaction. The strain rate used was 0.5 mm/s. The powders were placed in a die with a 0.75" diameter insulating phenolic sleeve insert, and the resistance was measured between the two stainless steel rams.
Next, the electrical breakdown strength of those powders that showed promising results in the initial experiments was measured under negligible load. The same die was used but it was now connected to a high voltage power supply (High Voltage Research Inc.). The voltage was increased slowly while monitoring the current with an ammeter until a current of 1 mA was reached. The voltage at this point was defined as the breakdown voltage. The current limit on the power supply was set to 1 mA for safety reasons, since, in most cases, when breakdown occurred, the resistance decreased by many orders of magnitude.
Then, the oxidation of these powders during heating in air was studied using thermogravimetric analysis (TGA, Netzsch), since it was clear that additional oxidation would be necessary to be able to have high enough breakdown strengths at low load. The weight gain was monitored during heating at 10°C/min for all of the powders. In addition, some isothermal studies were performed on the Ta powder. The weight gain was also measured for powders that were subsequently heated and held isothermally in a box furnace. From the weight gain data, the approximate thickness of the oxide layers was calculated using a simple spherical approximation.
The breakdown tests were then repeated on a series of powders that were oxidized by heating in air at various temperatures and times. Next, the resistance of some of the oxidized powders was measured at low voltage with an ohmmeter, as well as at higher voltages using the high voltage power supply. The higher voltage measurements were done by measuring the voltage across the powder and the current flowing through it during compaction. Again, the maximum current output on the power supply was set to 1 mA.
In the next set of experiments, powders of oxidized Al and Ta were compacted under a given load using dead weights, and then the electric breakdown strength was measured using the high voltage power supply after removal of the load. Once again, the increase in current at breakdown was so abrupt in these experiments that a much higher current would have flowed if the power supply was not set at 1 mA maximum output. These experiments were also performed on powders to which various amounts of silicone vacuum grease (Dow) had been added as a weak binder. Silicone grease was chosen because of its stability and inertness. The grease was added by mixing it and the powder in hexane. The grease kept the powders from being free flowing.
In the final set of experiments, the shock response of the powders was assessed. This was done by placing the powder in the same die used for the compaction experiments and then dropping masses onto the top ram of the loading die from a distance of 24 cm. The voltage on the specimen was then increased using the high voltage power supply until breakdown occurred (the current reached 1 mA).
Results
Low Voltage Resistivity and Low-Stress Breakdown of As-Received Powders
The behavior of the low voltage resistivity of the as-received Ta powder at low voltage is shown in Figures 3 and 4 as a function of pressure and density, respectively. Figure 3 shows that the resistivity starts out very high, >10
7 Ω-cm at low pressure, and begins to decrease rapidly around 1 MPa. By 2.5 MPa, it has dropped by a factor of 1000 and by a factor of 10 6 by 6 MPa. Figure  4 shows that the density decreases only slightly as the huge change in resistivity occurs. For example, the relative density only changes by 2%, from 37% to 39%, during the initial decrease in resistivity of greater than 10 3 . This corresponds to a decrease in thickness of about 5%. Figure 5 shows that the as-received aluminum powder behaved very similarly to the Ta. It's initial resistivity was ~10
8 Ω-cm up to ~1 MPa. It then dropped by 1000 by 4 MPa and another 1000 by 7 MPa. The dependence of the resistivity on density (not shown) was also similar to that of Ta, with a drop of about a factor of 1000 in resistivity between 48% and 50% density. Figure 6 shows the results of an interrupted test on the aluminum powder. In this experiment, the resistivity was measured while the stress was increased and then decreased before being increased to a higher level. As the figure shows, there was some recovery of the resistivity to higher values when the stress was decreased, especially at the lowest stress levels. This is shown more clearly in Figure 7 where the resistivity is plotted both with the stress still applied and after it had been removed. At loads of around 5 MPa and above the resistivity increased by a factor of 10 after the load was removed. The as-received Si powder showed high resistivity throughout the compaction test and was therefore not considered for any subsequent testing. The behavior of the as-received Ti powder is shown in Figure 8 . It was quite conducting even at the lowest loads. Therefore, oxidation of the titanium was required prior to additional testing.
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As mentioned above, an oxidized metal powder safety enhancer would have to be able to hold off several thousand volts without breaking down during the normal firing of the weapon. Also, to be practical, the thickness of the metal oxide powder layer in the device should be less than 1 cm. Therefore, a minimum breakdown field at low stress of 5 kV/cm is required. Therefore, the current flowing through the powders was measured as the voltage was increased until breakdown occurred (breakdown was defined as when the current reached 1 mA). The results of these measurements are shown in Figure 9 , which plots the current density against the applied electric field. As the figure shows, the as-received Ta and Al powders had very low breakdown strengths so that, like the Ti, they will require oxidation if they are to be suitable for this application. Therefore, the oxidation behavior of the powders was studied next. 
Oxidation Studies
The results of the TGA study of the oxidation behavior of the powders heated in air at 10°C/min are shown in Figure 10 . The Ta starts oxidizing around 400°C, reaches a 1% weight gain by 450°C and 5% by 550°C. The Ti begins oxidizing around 500°C, reaches 1% by 600°C, and 5% by 700°C. The aluminum started to oxidize at 575°C, but did not reach 1% even at its melting point of 660°C. The results of the isothermal oxidations of Ta powder that had been size separated by sieving are given in Figure 11 . The figure shows that at 400°C, the 3 coarsest cuts behaved similarly. The finest, -10 µm, oxidized somewhat more, as would be expected due to its higher surface area. Also, the rate of oxidation at 500°C was much greater than at 450°C for the 10 to 20 µm powder. Based on these results, oxidation conditions were chosen for the powders to produce weight gains in the range of a few percent. Table 1 gives the measured weight gains for each of the oxidized powders for all the oxidation conditions used along with an estimate of the thickness of the oxide layer. The oxide thickness was calculated assuming spherical particles with average size determined from the micrographs in Figure 2 , also given in the table. The calculated oxide thickness for the powders is between 0.18 and 0.65µm. 
The Electrical Characterization of Oxidized Powders
The current density versus field at negligible stress (weight of top die ram only) of Ta oxidized under two different conditions is shown in Figure 9 . After 30 min at 400°C (0.34 µm thick oxide), the breakdown field increased to ~1.2 kV/cm, whereas after 2 hr at 400°C (0.46 µm thick oxide) the sample did not breakdown up to ~3.3 kV/cm, where the test was stopped. Also shown on the graph is a curve for the behavior of an ideal ohmic resistor that closely matched that of the 2 hr sample, indicating that it is behaving linearly. The breakdown strength of Ta 2 O 5 made by DC magnetron sputtering has been reported to be several MV/cm. 5 This is much higher than what was measured for the oxidized Ta powders even after accounting for the enhancement 6 of the electric field by 1.5 r/t, where r is the particle radius and t is the oxide thickness, due to the fact that the interior of the particles is conducting. With this enhancement, the breakdown field for the powder held for 2 hr at 400°C is still only 72 kV/cm. However, this is not surprising for several reasons. First, the breakdown strength of oxides increases as the thickness of the sample decreases due to the presence of defects so that bulk samples may breakdown at fields 100 times or more lower than a thin film. Also, the fact that the particles are not perfect spheres but have aspersions also contributes to the lower breakdown strength.
The low voltage resistivity of these oxidized powders during compaction is shown in Figure 3 . The low load resistivity of both oxidized powders was somewhat higher than that of the asreceived powder. Both oxidized powders underwent the same sharp decrease in resistivity. The 30 min sample decreased at a slightly lower load than the as-received powder and the 2 hr at a slightly higher.
Two oxidation conditions for the Al powder are also shown in Figure 9 . A 650°C for 30 min treatment (0.19 µm thick oxide) increased the breakdown field to nearly 1 kV/cm. The sample heated to 850°C for 30 min (0.65 µm thick oxide) did not break down up to 6 kV/cm, where the test was stopped. It also behaved linearly as shown by the curve. Its resistivity was about 30 times greater than that of the best Ta powder. Due to the protective oxide coating, this powder remained a powder even though it had been heated to nearly 200°C above its melting point. However, the corrected breakdown strength, >350 kV/cm for the sample heated to 850°C, was still well below the value of 11 MV/cm that has been reported for a thin film. 7 The low voltage resistivity of oxidized Al powders during compaction is shown in Figure 5 . The curves for the two times at 650°C, 30 min and 8 hr (1.0% weight gain), are very similar to that of the as-received powder except that the onset of the drop in resistivity occurs at a higher stress in the oxidized powders, making for an even sharper drop in resistivity. The powder heated to 850°C remained insulating even at the highest pressure.
Two oxidation conditions were used for the Ti powder. After 30 min at 550°C (0.47% weight gain), the breakdown field increased to about 1 kV/cm. After an hour at 600°C (0.94% weight gain) it increased to about 2 kV/cm. In both cases, the behavior was non-ohmic, with the resistivity decreasing with increasing field. The low voltage resistivity of these powders during compaction is shown in Figure 8 . The low stress and high stress resistivities of both powders are nearly identical, 10 8 and 10 Ω-cm, respectively. However, the 550°C powder began to decrease in resistivity at ~0.1 MPa, as opposed to ~0.5 MPa for the other powder.
Oxidized powders of Ta, Ti and Al were then compacted using the mechanical testing system while a higher, constant voltage was applied. The resistivity was determined from the current flowing through the sample that was measured with an ammeter. Initial field strengths of 0.53 and 1.06 kV/cm were used, and the fields increased slightly during compaction as the separation between the plungers decreased. Figure 12 shows the results for Ta. A sharp decrease in resistivity occurs at a stress that is at least an order of magnitude lower at the higher fields than at low field, below 0.1 MPa for the powders oxidized for 1 hr. It also shows that the less oxidized powder breaks down at a lower stress than the powder oxidized for 2 hr, as expected. Also, for powders that were oxidized the same, the higher field produced a decrease in resistivity at lower stress levels. Figure 13 shows that the behavior of the Ti powder was very different from that of the Ta as it did not show a sharp resistivity drop. Because of this result, the Ti was not studied further. Figure 14 shows the results of the high voltage compaction measurements for the Al powder that was heated to 650°C for 8 hr. As with the Ta, the decrease in resistivity was both sharper and at lower stress than at low voltage (compare to Figure 3 ). Also shown are results for the same powder heated to a slightly lower temperature and then size separated using sieves. In this case, the smallest size cut of the powder, less than 25 microns, required a higher stress to produce the resistance drop, almost 2 MPa, than the other two, which were around 1 and 0.5 MPa for the 25 to 38 micron and the greater than 38 micron cuts, respectively. This was most likely due to the fact that the smaller particles were more oxidized than the larger particles due to their higher surface area. Figure 14 . The resistance of Al powder during compaction at different field strengths and with different average particle size. 
Breakdown of Powders after Removal of Load
Since both the Ta and the Al thermally oxidized powders behaved in the desired manner during compaction at higher field, they were both studied in a set of experiments where the breakdown field was measured after the application and removal of a stress. This is important for a mechanical shock safety enhancer application since the capacitor may not begin to charge until some time after the shock. The results of these experiments are shown in Figure 15 . The initial breakdown field at low stress (weight of upper die ram only) for both metal powders tested, Ta that had been heated to 400°C for 2 hr and Al that had been heated to 700°C for 8 hr, was right at 5 kV/cm. This is right at the minimum requirement mentioned above. The Ta powder showed a lasting decrease in breakdown field after stresses in the 0.1 to 2 MPa range were applied. The breakdown field for the Ta decreased rapidly with stress, such that it went from nearly 5 kV/cm to 1 kV/cm at 0.25 MPa. When the load is plotted on a log scale, the decrease in breakdown field for Ta was linear. Also, one data point was taken at a high loading rate, 10,000 N/s, as opposed to the lower rate of 0.5 mm/min used for the rest of the data. A significant decrease in breakdown field occurred even at this high loading rate, although it was not as much as at the slower rate. This result indicated that the effect may be very similar during shock loading, since that also occurs over a short time period. Also, in all of the breakdown tests, the resistivity of the powder remained low once breakdown had occurred even if the voltage was decreased to a few volts. However, if the powder was mixed with a spatula, it returned to its initial high resistivity state.
The results for the Al powder were somewhat different. Only a slight decrease in breakdown strength was seen out to about 0.75 MPa (from about 5 to about 3.6 kV/cm). However, by 1 MPa, the breakdown field had decreased to <2kV/cm. At higher stresses the breakdown field unexpectedly began increasing. The load was applied at 0.5mm/min, except for one Ta point that was done at 10,000 N/sec.
A similar experiment was performed on a Ta powder that had been oxidized at 400°C for 2 hr to which silicone oil had been added (0.666 g of oil to 10 g of Ta). The results of the experiments are shown in Figure 16 . Even with the oil present, there was a significant decrease in the 
Impact Studies
A number of initial impact studies were performed on the powders. In these studies a metal mass was dropped onto the die from a height of 24 cm and the breakdown field was then measured. The results of one such test are shown in Figure 17 for a silicone grease containing oxidized Ta powder (450°C for 1 hr). The breakdown field, which in this case was over 12 kV/cm initially, decreased with the mass of the weight that was dropped to around 6 kV/cm for a 200 g weight.
These results indicate that it may be possible to use oxidized metal powders as shock safety enhancers, since a large decrease in breakdown field occurs in response to an impact. The actual acceleration imparted to the top ram by the falling weights has not been measured, but is thought to be in the kilo-g range. Further testing with known accelerations are needed to quantify this effect. 
Discussion
To understand the origin of the effects studied here, the details of what occurs to metal particles during compaction must be understood. When a powder is compacted, the contact regions between the particles along the direction of compaction experience a much higher level of stress than the nominal applied stress because the area of contact is generally much smaller than the particle size. Hertz 8, 9 analyzed the problem of an elastic sphere in contact with a flat surface over 100 years ago. Although this is not the same geometry that exists when irregularly shaped particles are compacted, Hertzian analysis can be done to estimate the stress levels at interparticle contact points in a compacting powder. The actual stresses will probably be somewhat lower due to frictional forces and particle rearrangement. According to Hertz, the radius of contact between a sphere and a plate of the same material is given by
where P is the load on the sphere of radius R, and ν and E are the Poisson's ratio and Young's modulus of the material. The load on each particle contact in a die filled with powder can be approximated as
where P a is the load applied to the die of radius R d . Finally, the compressive stress on each contact is just the load over the contact area
after substitution of Equations 1 and 2.
The mechanical properties of tantalum and aluminum are given in Table 2 . These were used in Equation 3, along with P a = 50 N (~5 kg) and R d = 0.95 x 10 -2 m (nominal stress = 0.18 MPa), to give the contact stress values also given in the table. As the table indicates, the contact stress for each metal is well above its yield stress. This means that significant plastic deformation is taking place at the contact areas, even at very low nominal stress values well under 1 MPa. When this plastic deformation occurs, the thin oxide layer on the surface of the particles must crack in the contact regions thus allowing some metal-to-metal contact where the cracks in the oxide on the two particles overlap. Even if there is not direct metal-to-metal contact, when the oxide cracks a conducting path can be formed by mobile species such as water on the surface of the oxide. Once conduction takes place between two particles, the voltage drop on the remaining contacts increases, giving rise to the abrupt breakdown of the entire sample.
With this understanding, the results presented in this report can be explained. For example, as an oxidized metal powder is compacted, more and more contact points reach a stress level where the oxide cracks and allows metal-to-metal contact or close proximity, thus lowering the resistivity. The breakdown strength at each contact point will depend on the distance between the exposed metal surfaces. This is why when the testing is done at higher voltage, breakdown occurs at even lower stress levels, since the higher fields can cause breakdown at contacts where the cracks are smaller and further separated. Obviously, the thicker the oxide, the harder it will be to crack and the wider the gap between the exposed metal surfaces. That is why, in general, the stress or field required for breakdown increased with the amount of oxide. This also explains the results of the interrupted test in Figure 6 and 7: when the stress is removed, the gaps between the particles slightly widen thus increasing the resistivity. Finally, it also explains why mixing a powder that had been broken down restores it to its original high resistivity state since the network of interparticle contacts is destroyed by the mixing.
Summary and Conclusions
In conclusion, this report shows that oxidized metal powders can meet the requirements for use in crush and mechanical shock safety enhancers. Two metals, tantalum and aluminum, were found to have the best properties of the metals studied for this application. When appropriately oxidized, they were able to hold off >5 kV/cm and still decrease in low voltage resistivity by three orders of magnitude over a range of several MPa starting around 1 MPa. The behavior of these powders during compaction at higher voltage showed that they undergo an abrupt breakdown at even lower levels of stress, in the range of 0.1 MPa. These results indicate that the use of these powders in crush applications is relatively straightforward. In addition, a significant decrease in the breakdown field was demonstrated for these metals, even after the removal of the stress and after an impact load was applied. The results of these experiments indicated that the breakdown strength of both metals decreased significantly when stresses as low as 0.2 MPa were applied and removed. This result confirms that oxidized metal powders may be suitable in mechanical shock applications where the voltage may not be applied until after the shock has occurred. However, one possible barrier to their use in shock applications is that some compaction of the powder does occur in response to a shock that might create an air gap between the powder and one of the electrodes. The presence of such a gap may keep the enhancer from functioning properly. Finally, these results were explained by proposing that the contact stresses between the particles crack the insulating oxide coating so that the metal surfaces are either separated by a narrow gap or are in direct contact.
Future Work
There are three areas where further work is warranted. The first is to better understand the mechanism responsible for the cracking of the oxide layers, by performing experiments on either single particles or wires. These could be put in contact with a known force and separation, possibly using a nano-indenter, while a voltage is applied and the current flow measured. The contact surfaces could then be examined using an SEM to see what type of damage occurred.
This will give a better understanding of the force needed for cracking, and provide insight on how the breakdown voltage varies with force and separation. The second area for more research is to try to further optimize the powders for these applications by doing similar experiments to those reported here. Also, additional experiments, such as calibrated acceleration or impact testing, should be performed. Finally, building and testing of prototype devices should begin to fully validate this concept.
